Measuring Composition & Growth of Ion
influence cloud properties such as brightness and lifetime, which in turn affect climate. It is estimated that up to half of all CCN originate from the formation of sub-2 nm particles from vapors (nucleation) and their subsequent growth by the condensation of vapors (1) . However, the mechanisms are still poorly understood in the details, particularly the critical first steps of atmospheric nucleation. It is well established that atmospheric nucleation involves sulfuric acid (H 2 SO 4 ) (2). However, H 2 SO 4 alone cannot account for the rates of formation (nucleation rates) and growth observed in the atmosphere, because it is too scarce. Most likely, H 2 SO 4 molecules are stabilized in the formation of initial clusters by molecules of water, bases, such as ammonia and amines (3, 4) , or oxygenated organic compounds that remain to be identified (5) . It is challenging to establish the vapors and mechanisms that are involved in nucleation under certain atmospheric conditions due to the low concentrations of all participating vapors (except water). Also a wide range of compounds may be involved in view of the multitude of oxygenated organics formed by the oxidation of volatile organic compounds emitted into the atmosphere.
We aimed at determining the detailed processes of atmospheric nucleation by performing well-controlled laboratory experiments at the Cosmics Leaving OUtdoor Droplets (CLOUD) facility at CERN. Nucleation was investigated in a variety of potentially atmospherically relevant conditions that were reproduced in the CLOUD aerosol chamber. Key to unraveling in detail how nucleation proceeds were the very clean conditions provided by the CLOUD chamber, the precise control of these conditions, plus a suite of state-of-the-art instrumentation to measure gas and aerosol phase properties. In particular, novel mass spectrometric techniques were employed, enabling us to gain a view on the formation of sub-2 nm clusters.
METHOD
The central part of the CLOUD facility is the CLOUD aerosol chamber, a 26.1 m 3 stainless-steel cylinder. The facility is able to provide conditions exceptionally clean of contaminant compounds, crucial for performing experiments with extremely low concentrations of critical vapors. Most experimental parameters, such as temperature and trace gas concentrations can be precisely controlled. On demand, UV lights can initiate photolytic, mainly oxidizing reactions, such as the oxidation of sulfur dioxide to H 2 SO 4 . Additionally, the chamber can be exposed to a π + beam provided by the CERN Proton Synchrotron to simulate varying intensities of galactic cosmic rays and study their effects. The instruments were arranged around the chamber and continuously sample its contents while it is filled with artificial air and trace gases at about 100 L/min.
Experiments were performed for different mixtures of vapors that would lead to nucleation. These mixtures comprised H 2 SO 4 , plus one or a combination of the following: ammonia (NH 3 ), dimethylamine (C 2 H 7 N, DMA), pinanediol (C 10 H 18 O 2 , PD), α-pinene (C 10 H 16 , AP). AP served as an example of a typical volatile organic compound found in biogenic emissions. Its oxidation products are hypothesized to be able to participate in the first steps of new particle formation in the atmosphere. PD served as surrogate compound that can be oxidized to similar compounds by hydroxyl radicals (OH) only. Oxidation processes in the chamber were chiefly initiated by reactions with OH and ozone (O 3 ). They could be modified by direct control over the injections of O 3 , hydrogen (H 2 , as OH scavenger) and nitrous acid (HONO, to produce OH also without O 3 ). Nucleation studies were performed at various temperatures (mostly 5 ˚C), relative humidities (mostly 38%) and beam intensity.
Most results presented here were obtained by using an Atmospheric Pressure interface Time-Of-Flight mass spectrometer (APi-TOF). The instrument was described in detail previously (6) . It is able to sample ions directly from atmospheric pressure. The ions enter the instrument through a critical orifice and are then guided by quadrupoles and ion lenses through a series of differentially pumped chambers to the Time-Of-Flight region. The vacuum increases gradually to a final pressure of 10 -6 mbar. Typically a mass accuracy of < 10 ppm and a resolution > 5000 Th/Th were obtained. This performance allowed us to determine or effectively constrain the elemental compositions of ions and ion clusters, depending on the signal-to-noise ratio and the complexity of the obtained ion mass spectra. The useful range of the spectra reached up to mass-to-charge ratios of about 3300 Th, i.e. 3300 Da for singly charged ions, corresponding to up to about 2 nm in mobility-equivalent diameter. At CLOUD, several APi-TOFs were in use. The APi-TOF mainly used for research presented here was operated in negative ion mode. No dedicated ionization of the sample was performed, and only anions charged in the CLOUD chamber were detected.
RESULTS AND DISCUSSION
One of the simplest nucleating mixtures we investigated at was that of H 2 SO 4 and NH 3 (and water). For this system, nucleation rates comparable to those observed in the atmosphere's boundary layer were not obtained at corresponding conditions of temperature and H 2 SO 4 concentrations, even for > 1 ppb of NH 3 (3) . However, the results obtained from APi-TOFs allowed us to observe the growth of clusters from single-molecule to 2 nm (mobility-equivalent diameter) by the step-wise addition of NH 3 and H 2 SO 4 molecules, roughly following a 1:1 ratio for experimental conditions closest to those in the boundary layer (Fig. 1) . In those first, as well as in subsequent nucleation experiments, growing ion clusters were observed by the APi-TOF. The addition of DMA, or different kinds of oxidized organics, or both, into the chamber consistently reflected on the composition of these clusters, while altering nucleation and growth rates. For instance, clusters involving oxidation products of PD or AP were observed up to 1500 Th, depending on the experimental conditions. This range corresponds to most or all of the sub-2 nm range (in terms of mobility-equivalent diameter), which is where the processes critical to nucleation take place. We were able to identify the most important clusters in those spectra. More information could be extracted from their development in time, which was obtainable at a resolution of 30 s.
All these results give detailed insight into the formation mechanisms of molecular ion clusters from the gas-phase, processes directly connected to nucleation. Of particular interest is the inter-comparison of APi-TOF results for different conditions, especially for different mixtures of condensable compounds in the chamber, to see which compounds gain importance for nucleation at which concentrations. Eventually, comparisons are made also to ambient observations, as the same or very similar compounds compete for contributing to nucleation probably also in the atmosphere.
